Ion transport from one aqueous (W1) to another (W2) across bilayer lipid membranes (BLM) containing gramicidin A (GA) was investigated by recording current fluctuations, when various alkali metal chlorides and potassium salts were used as supporting electrolytes. The magnitude of the single-channel current at a given membrane potential depended on not only the cationic species, but also on the anionic species, and then it decreased with an increase in the diameter of the anion when the diameter of the anion was larger than the pore size of the GA channel. The baseline of the recording current, however, increased with an increase in the diameter of the anion, and its height depended on the concentration of GA in the BLM. The results indicate that GA serves as not only a channel-forming compound, but also as a carrier compound in the BLM.
Introduction
Ion transport across biomembranes is associated with various biofunctions, such as aspiration, metabolism, photosynthesis, neurotransmission, etc. Ion transport from one aqueous phase (W1) to another (W2) across a bilayer lipid membrane (BLM), which is one of the simplest biomembrane models, has been generally utilized in order to interpret mechanisms of ion transport across biomembranes. 1 Many studies have been performed on ion transport in the presence of ionophores, such as ion channels, ion channel-forming peptides, complex-forming agents and hydrophobic ions in BLM systems. [2] [3] [4] [5] [6] [7] [8] It is generally recognized that ion transport currents are generated by only the transport of ions associated with their transporters. Gramicidin A (GA) is a linear pentadecapeptide isolated from Bacillus brevis, and exhibits antibiotic activity. 9 However, it is believed that two molecules of GA form an ion channel within the BLM phase and small monovalent cations, such as alkali metal ions, permeate across the BLM easily. 10 The influence of the counter anions on the transport of cations has not been considered. [11] [12] [13] In this mechanism, however, the electroneutrality within the BLM is not considered.
It was pointed out that the magnitude of ion transport current across the BLM depended on the hydrophobicity of the counter anion coexisting with the objective cation. [14] [15] [16] Watanabe et al. and Cohen reported that the permeability of the alkali metal cation across liposomal membranes containing GA depended on the species of the counter anions. 17, 18 The electrochemical behavior of a single channel of GA and the influence of the counter anion on the transport of a monovalent cation has not yet been investigated.
In the present work, the influence of ionic properties on the facilitated ion transport across BLM containing GA was investigated by recording the current fluctuation. Taking into account the distribution of both the alkali metal cation and its counter anion and the relation between the pore size of the GA channel and the ionic diameter of the transport ions, we propose a new mechanism of ion transport.
Experimental

Chemicals
The lipids used to form BLM were lecithin (Wako Pure Chemical Ind., Ltd.; No. DPN4417) and cholesterol (Kanto Chemical Co., Inc.; No. 001G1157). Gramicidin A was purchased from Sigma Chemical Co. (St. Louis, MO; No. 017254/1). All other reagents were of reagent grade and used without further purification.
Preparation of BLMs
The electrochemical cell used for the experiments was essentially the same as that used in our previous work. [14] [15] [16] The cell has two aqueous compartments separated by a tetrafluoroethylene resin sheet (Du Pont-Mitsui Fluorochemical Co., Ltd.) with a thickness of 0.2 mm; the compartments were filled with 15 mL of an aqueous solution. The aqueous solution contained 20 mM Bis-Tris buffer (pH 7.0) and 0.1 M 1:1 electrolyte salt. The BLM was obtained as a black lipid membrane by brushing a BLM-forming solution on a 1-mm diameter aperture created on a tetrafluoroethylene resin sheet. Gramicidin A was dissolved in ethanol at a concentration of about 10 -3 M, and this solution served as a stock solution. An adequate volume of the ethanol solution was transferred to a 1-mL flask. After ethanol was evaporated, BLM-forming solution was prepared by dissolving the residual GA, 10 mg of lecithin and 5 mg of cholesterol into n-decane in the 1-mL flask. The amount of GA in the BLM was estimated from the molar ratio of BLM 
Single-channel recordings
The ion transport current between W1 and W2 across BLM, iW1-W2, was recorded by applying a constant potential difference between W1 and W2; EW1-W2. EW1-W2 was applied through two Ag|AgCl electrodes, RE1 and RE2, soaked in W1 and W2, respectively, and is defined as the potential of RE1 referred to RE2. In this work, the positive current is defined as being due to the transports of positively charged species from W1 to W2 and those of negatively charged species from W2 to W1; iW1-W2 was measured by two platinum wire electrodes. The current was sampled every 10 -3 s and a low-pass filter with cut-off frequency of 10 Hz was used.
All electrochemical measurements were performed in a Faraday cage at room temperature using a four-electrode potentiostat Model HA-1010mM1A (Hokuto Denko Co.) and an A/D converter Model GL500 (Graphtec Co.).
Results and Discussion
Single-channel current of a gramicidin A-channel between two aqueous phases containing alkali metal chlorides
In the absence of GA in BLM, the conductance of BLM ranged from 10 to 30 pS. The mean area of BLM was about 3 ¥ 10 -3 cm 2 . These BLMs were stable for a few hours, and no conductance fluctuation was observed in the range of EW1-W2 from -120 to +120 mV. Figure 1 shows a typical trace of iW1-W2 in the presence of GA. It was obtained for BLM containing GA between W1 and W2 containing 0.1 M KCl as a supporting electrolyte. In this case, the concentration of GA in the BLM-forming n-decane solution was 10 -7 M, and the applied EW1-W2 was +120 mV. The dashed line (C) represents the closed state of the GA channel, and refers to the baseline. In the present case, a step-like current fluctuation was observed, and it related to the opening and closing of the GA channel. One or two channels were served (O1 or O2). The single-channel current was evaluated as the difference between the mean value of the current flowing in the case of the opening state, O1, and that of the baseline current by analyzing current-amplitude histograms of single-channel activities observed at each EW1-W2. From the data obtained at EW1-W2 ranging from +40 to +120 mV, single-channel currents were practically proportional to EW1-W2.
As shown in Fig. 2 , the single-channel current depends on the cation species and the selectivity is similar to those reported by other authors. [11] [12] [13] 19, 20 The single-channel current increased with an increase in the ionic diameter when the ionic diameter was smaller than about 0.30 nm. It is thought that this trend was caused by stabilization of the cation within the pore of the GA channel due to the association of the cation with GA. 13, 19, 20 On the other hand, several research groups reported that the GA channel was blocked by quarternary ammonium ions, such as tetramethylammonium ion (TMA + ), tetraethylammounium ion (TEA + ), tetrabutylammonium ion (TBA + ).
13,21-23 Table 1 indicates the ionic radius and hydration energy of various ions. 24 Taking into account the fact that the radius of these quarternary ammonium ions was much larger than the pore size of the GA channel (i.d. 0.38 nm), 9, 13, 23 we can conclude that the GA channel exhibits the cation selectivity mentioned above on monovalent cations. Figure 3 (i) indicates the conventional ion-transport mechanism in the presence of GA channels. 9, 10 It was frequently mentioned Anion that the GA channel served as a cation-selective transporter without any anion transport. On the other hand, some research groups reported on the dependence of counter anions on the permeability of electrolytes through the GA channels by the use of liposomal membranes. 17, 18 Then, we also revealed by cyclic voltammetry previously that the current density for the transport of K + across the BLM containing GA increased with an increase in the hydrophobicity of the counter anion. 15 In the previous work, the current density at a given EW1-W2 was relative to the square of the concentration of GA in the BLM when the ionic diameter of the counter anion was smaller than the pore size of the GA channel. This property was in agreement with that of the channel-transport model. 13, 23 However, the current density at a given EW1-W2 was proportional to the concentration of GA in the BLM when the ionic diameter of the counter anion was larger than the pore size of the GA channel. Therefore, it was thought that the ion-transport current was attributable to the ion transport across the lipid layer site facilitated by GA as a carrier compound of K + . 15 In the present work, the single-channel current of the GA channel between two aqueous phases containing various potassium salts was evaluated. The result indicated that the single-channel current gradually decreased with increasing the diameter of the counter anion, when the diameter of anionic species was larger than the inner diameter of the channel pore, as shown in Fig. 2 . The single-channel current obtained in the case of Cl -was almost identical to that in the case of F -. It is contemplated that the magnitude of the ion-transport current may depend on the amounts of transferring ions, K + and the counter anion, in the BLM and on the diffusion coefficients of the ions. Therefore, we will discuss the ion transport of a single-charged cation, M + , and that of a single-charged anion (counter ion), X -, across the BLM in the presence of the same concentration of MX in W1 and W2, as presented using
Single-channel current of gramicidin A-channel between two aqueous phases containing potassium salts
where ci is the concentration of one ion (i) in W1 and W2, ci
is the concentration of i in the neighborhood of the W1|BLM interface in W1, and ci W2,o is the concentration of i in the neighborhood of the BLM|W2 interface in W2. Under the Goldman assumption, 25, 26 the flux of i, Ji, is given as
where Di is the diffusion coefficient of i in the BLM, zi the charge of i, F Faraday constant, R the gas constant, T the temperature in K, d the thickness of the BLM, DE potential difference between W1 and W2, ci W1,in is the concentration of i in the neighborhood of the W1|BLM interface in the BLM, and ci W2,in is the concentration of i in the neighborhood of the BLM|W2 interface in the BLM. The distribution coefficient of one ion (i), bi, is defined as
By using Eqs. (1) and (3), Eq. (2) can be rewritten as
The current density of one ion (i), ji, is given by
There are two ion species, M + and X -, in the present ion transport system. Taking into account the electroneutrality within each phase, bM + is equal to bX -,
Therefore, the observed ion-transport current density, jtotal, is equal to the sum of jM + and jX -,
Then, the distribution coefficient, b, is expressed as Eq. (8) based on the distribution of ions at an aqueous|organic interface, 27 ln b = -
where DGtr,i is the standard molar Gibbs energy of transfer of i from the aqueous phase to the BLM. The DGtr,i value, however, is not evaluated exactly, because the BLM is too thin to measure the ion concentration. Therefore, we may utilize the hydration energy, DGhyd,i, which is the energy required for dehydration of the ion as a measure of DGtr,i by considering the fact that DGhyd,i is proportional to DGtr,i from W to organic solvents, such as nitrobenzene, 1,2-dichroloethane. 28 ,29 Accordingly, Eq. (8) can be rewritten as Here, A+, A-, B+ and B-are specific coefficients that are dependent on the solvent species. Equations (7) and (9) indicate that the magnitude of jtotal at a given DE depends on both the diffusion coefficients of not only the counter anion, but also the cation and the distribution coefficients, and is proportional to DE. In addition, not only the counter anion, but also the alkali metal cation can hardly distribute from the aqueous phase to the BLM, because the counter anion cannot enter the channel pore when the ionic diameter is still larger than the pore size of the GA channel. In addition, the counter anion can hardly move within the channel pore. It is reasonable to suppose that a decrease in both the amount of the electrolytes within the channel pore and the diffusion coefficient through the channel pore causes a decrease in the magnitude of the single-channel current. Therefore, it seems reasonable to conclude that large anions, such as ClO4 -and SCN -, reduce the ion permeation of not only the counter anion, but also the alkali metal cation through the GA channel. In practice, the magnitude of the single-channel current and the open-time channel probability decreased, as shown in Fig. 4 , when KClO4 was used instead of KCl as an electrolyte. Similarly, it seems reasonable to assume that TMA + , TEA + and TBA + reduced the ion permeation through the GA channel. When the ionic diameter is smaller than the pore size of the GA channel, it is expected that b increases with an increase in the ionic diameter by considering DGhyd,i and the stabilization of the cation by association with GA. Since it can be assumed that jtotal mainly depends on b in this case, jtotal might increase with an increase in the ionic diameter. On the other hand, the baseline current rose by about 10 pA when KClO4 or KSCN was used instead of KCl as a supporting electrolyte. The magnitude of the baseline shift was in proportion to the concentration of GA within the BLM. By considering the data reported previously, 15 this result indicates that ClO4 -and SCNfacilitated the transport of K + across the lipid layer site by the addition of GA to the BLM. It is found from the result that GA served as a carrier compound of K + , as shown in Fig. 3 (ii). Figure 3 (ii) indicates a new mechanism of the ion transport. It consists of two transportation routes. One is ion transport across the lipid bilayer site. The other is ion transport through the pore of the GA channel, which is related to the single-channel current.
Ion transport mechanism through gramicidin A-channel
The amounts of transport ions across the lipid layer site are related to the height of the current baseline, as mentioned above. It is clear that the amounts of transport ions depend on the Gibbs free energies of the electrolyte ions and on the complex formation energy between the alkali metal cation and the GA molecule, based on the ion transport mechanism reported in a previous work. 15 Therefore, when an anion such as ClO4 -and SCN -, of which diameter is larger than the pore size of the GA channel, is used as the supporting electrolyte, the height of the current baseline increased.
The magnitude of the single-channel current increased with increasing the diameter of the transport ion, when the diameter of cationic species was smaller than the inner diameter of the channel pore. It seems reasonable to assume that the selectivity for ion permeation results from both the hydrophobicity of the transport ion and stabilization due to the interaction between the cation and the GA molecules. The magnitude of the singlechannel current, however, decreased with an increase in the diameter of the transport ion, when the diameter of the transport ion, such as TEA + , TBA + , ClO4 -, SCN -, etc. was larger than the inner diameter of the channel pore. It is quite likely that the ion of which the diameter is larger than the diameter of the GA channel pore closes the channel gateway and hardly moves within the channel pore.
Conclusions
A new mechanism for ion transport across BLM in the presence of GA is proposed. The magnitude of the single-channel current at a given membrane potential depended on not only the cationic species, but also the anionic species. It decreased with an increase in the diameter of the anion when the diameter of the anion was larger than that of the GA channel. The baseline of the current recordings, however, increased with an increase in the diameter of the anion. The results indicate that the facilitated ion transport by GA consists of ion transport across the lipid bilayer site and that through the channel pore. 
